INTRODUCTION
This report presents the results of a preliminary study of the heavy-mineral assemblages of sediments associated with aeroradiometric anomalies along the Fall Zone of North Carolina. Some anomalies are associated with sediments of Cretaceous age; others are in post-Cretaceous age sediments.
Exploration for heavy-mineral deposits by using gamma-ray aeroradiometric maps is based on the presumption that radioactive heavy minerals (monazite and zircon) are concentrated with the nonradioactive heavy minerals (ilmenite, rutile, leucoxene (altered ilmenite), staurolite, gold, and others). Economic heavy minerals are most common in nearshore marine deposits. Such concentrations in ancient shoreline deposits that are now elevated and commonly parallel to the present shorelines are the major sources of preferred heavy-mineral assemblages, which contain mature suites of minerals (generally weathered assemblages that have relatively low garnet, epidote, and amphibole group contents, and high TiO2-contentilmenite). Radiometric contrast caused by monazite and, to a lesser extent, by zircon and sphene is ideally detectable by aerial and groundradiometric surveys (Force and others, 1982; Grosz, 1983 ; Grosz and others, 1989; Owens and others, 1989).
PREVIOUS WORK
The presence of monazite (and other heavy minerals) in the southeastern States has been known since 1849 when noted in Rutherford County's gold placers by Shepard (1849 Shepard ( , 1852 . Monazite placers were mined in 1887-1911 and 1915-1917 . A fluvial deposit of monazite, ilmenite, rutile, staurolite, and gravel was mined at Horse Creek near Aiken, SC (Mertie, 1975) . This deposit, near the South Carolina-Georgia State line (Figure 1 ) is both underlain and surrounded by sediments of Cretaceous age. These Cretaceous sediments directly overlie the crystalline rocks of the Piedmont. Mertie (1975) (Heron, 1958; North Carolina Geological Survey, 1985) suggest a lateral, intertonguing relationship between the fluvial Middendorf Formation and the deltaic to estuarine Black Creek Formation to the east. The uppermost Cretaceous unit in the North Carolina Coastal Plain is the Peedee Formation. This unit consists of slightly calcareous, locally fossiliferous, fine-grained, marine shelf sands.
More recently, Owens (1989) and Sohl and Owens (1990) have proposed a revised Cretaceous stratigraphy for the Carolinas wherein the Upper Cretaceous sediments are interpreted to comprise a set of stacked deltaic packages separated by regional unconformity surfaces.
Each stratigraphic subdivision consists of delta plain, delta front, prodelta, and shelf deposits. These workers retain the Cape Fear, Middendorf, and Peedee as formation names (although with the latter two having revised definitions) and raise the Black Creek name to group status with subdivision into Tar Heel, Bladen, and Donoho Creek formations.
The resolution of these two stratigraphies and the resulting resolution of conflict in geologic mapping of the Cretaceous of the North Carolina Coastal Plain sediments is the object of current on-going studies. For the purposes of this report, the Geologic Map of North Carolina (North Carolina Geological Survey, 1985) is referenced because it is the only consistent mapping at present throughout the study area. One shortcoming of this map that applies to this report is that Quaternary age deposits are not shown at altitudes above 25 feet. Thus, there may be significant areas and thicknesses of Quaternary sediment present at the sample sites, which are not shown on the map.
Rationale For The General Area
Of Site Studies
The northeasterly-trending, relatively abrupt, physiographic change at the intersection of the sediments of the Coastal Plain with the crystalline rocks of the Piedmont is termed the Fall Zone. This drop in gradient reduces the relatively high velocity stream-flow associated with he more rugged topography of the Piedmont and Slate Belt rocks and results in the deposition of both the coarse-grained bed load and of some of the higher density finer-grained suspended load along the Fall Zone. The resulting deposits may be reworked and enriched by subsequent stream-flow and channel migration. These zones of hydraulic deposition and reworking can be sites of commercially important deposits of heavy minerals such as the Horse Creek deposit at the South Carolina-Georgia State line (Mertie, 1975) . Heavy-mineral resource potential, therefore, may be greater along the western edge of the Coastal Plain than elsewhere within this province.
The Pee Dee River, with headwaters in the Slate Belt, has a heavymineral assemblage similar to that of the Cape Fear River although it contains more monazite Mertie, 1975) . This similarity probably reflects on the outcrop pattern of the Cretaceous Middendorf and Black Creek formations which contain significant detrital monazite. The high monazite content Mertie, 1975; Owens and others, 1989 ) is reflected by total-count (U.S. Geological Survey, 1975 Survey, , 1976 Survey, , 1977 Survey, , 1978 and spectral airborne gamma-ray radiation surveys of the region (U.S. Department of Energy, 1980a,b,c; others, 1989, 1990 ) which show elevated radioactivity and elevated thorium-related radioactivity, respectively, associated with exposures of Cretaceous rocks near the Fall Zone.
This relative abundance of monazite in the region near the Fall Zone of North Carolina provides the basis for its inclusion in Staatz and Armbrustmacher's (1982) rare-earth provinces of the conterminous United States map.
Four sites in the vicinity of the Fall Zone coincident with anomalous aeroradioactivity were selected for drill sampling. The surficial extent of the Cretaceous sediments, locations of peak gamma-ray radiation intensity, and drill locations are shown on Figure 2 .
HEAVY-MINERAL STUDY Field Methods
Field investigations began with ground checks of total-count aeroradiometric anomalies. Areas where aeroradiometric values were greater than local background (anomalous) were identified on 7.5-minute quadrangles. There, anomalous areas were traversed with a total-count vehicle-borne scintillometer to validate their existence and extent. Continuous readings of a truckmounted spectral scintillometer were taken over the sediment of the area to find high values of radioactivity.
Where anomalous high values were found, a four channel, gamma-ray spectral scintillometer with a 113 in3 sodium iodide detector was used to measure the components of the radiation field.
After temperature equilibration and standardization against a Ba 133 gamma-ray source, the count rate was measured at the following gamma-ray energies: 1.46 megaelectronvolts (MeV) from K40, 1.76 MeV from Bi214 in the U 238 series, and 2.62 MeV from Tl208 in the Th 232 series. The counting time at each locality did not exceed 8 minutes. The field data were reduced to radioelement concentration by Stromswold and Kosanke's (1978) method (Table 1) .
Potential drill sites were evaluated by the locations of high aeroradiometric values, good thickness of Cretaceous sediments, truck-mounted auger access, and permission to drill by landowners. After removal of the gravel fraction by wet sieving through a 10 mesh (2.00 mm aperture) U.S. Standard stainless steel sieve, the clay fraction ofthe sediment was decanted.
An unknown minor amount of silt-size sediment was lost during this process. The gravel-free and clay-free fractions were then processed through a threeturn spiral concentrator to obtain the heavy-mineral fraction. The concentrates averaged 235 grams but ranged from 37 to 926 grams. A 250-to 360-gram sample of spiral concentrator gangue was also taken to quantify the types of heavy minerals not recovered by the spiral. Two of the samples (HA-A-1-89-6 and JO-A-1-89-5) were not processed through the spiral concentrator because, after removal of their gravel and clay fractions, they were small enough for the next processing step. Sample characteristics are given in Table 2 The percentage of heavy minerals (calculated as a function of bulk sample on a dry weight basis) ranges from 0.24 to 4.80, but averages 1.30 percent. The heavy-mineral assemblage consists of magnetite, iimenite (including altered ilmenite), rutile, zircon, monazite, epidote, pyroboie (undifferentiated pyroxenes and amphiboles), garnet, staurolite, tourmaline, aluminosilicates (undifferentiated sillimanite, kyanite,and andaiusite), pyrite, and iron oxides (dominantiy limonite).
An "others" group was also estimated. It includes unidentified opaques and non-opaques, quartz, clay balls, mica, chlorite, spinel(?), and poiymineralic grains. For some samples (for example MO-A-1-89 -4 and -5) the "others" group consisted completely of clay-coated mineral grains and clay-cemented grain aggregates.
The economically important heavy minerals (EHM) are ilmenite (including altered iimenite), rutile, zircon, monazite, and aluminosilicates. Expressed as a weight percentage of the heavy-mineral assemblage (EHM/C, Table 3) they range from 19.6 to 82.0 and average 49.4; expressed as a weight percentage of the bulk sample (EHM/T, Table 3 ) they range from 0.13 to 1.49 weight percent and average 0.50 weight percent.
Magnetite distribution is erratic and its abundance is low. Most heavymineral concentrates contain less than 0.1 weight percent; only a few contain up to the observed maximum of 1 percent.
Iimenite (including altered iimenite) averages 32.3 percent of the heavy-mineral assemblage in a range of 11.9 to 61.1 percent. The average rutiie content ranges from not detected (N; Table 3) to 6.2, and averages 2.0 percent. Zircon, with an average of 6.0 percent is three times more abundant than rutiie, and ranges from about 0.8 percent to a maximum of 13.8 percent of the heavy mineral fraction. Monazite, when present in detectable concentrations, ranged in abundance from about 0.1 to 5.5 percent and averaged 1.7 percent of the heavy-mineral assemblage.
Epidote and pyroboie contents are highly variable and range from not detected to 37.0 and 22.2 weight percent of the heavy mineral fraction, respectively. Garnet values range from not detected to 5.0 percent of the heavy-mineral assemblage. The average for fifteen samples in which garnet was quantified is 1.7 percent. The average staurolite content is 2.8 percent in a range of less than 0.1 to 5.2 weight percent of the heavy minerals. Tourmaline content averages 5.9 percent and ranges from 0.2 to 13.0 weight percent of the heavy-mineral assemblage. Pyrite was noted only in one sample. Iron oxides (predominantly iimonite) ranged from not detected to a maximum of 1.0 percent. For the fifteen samples in which iimonite was noted the average was 0.3 weight percent of the heavy-mineral assemblage.
Fine-grained detritai gold was identified in two samples from Cretaceous sediments (HR-A-1-89-3 and MO-A-1-89-4).
Its commercial importance is difficult to evaluate because our sample processing scheme was not directed at the recovery of fine-grained gold.
Halifax County Site
The Halifax County site (HA-A-1-89) is located on a fluvial meander on the flood plain of the Roanoke River. The borehole was 35 feet-deep. The geologic map of North Carolina (North Carolina Geological Survey, 1985) shows this site to be underlain at an undetermined depth by the Cretaceous Cape Fear Formation. Spectral gamma-ray data (Table 1) show the highest potassium values (K %) measured in this study, about 1.8 percent and low uranium and thorium values. Gravel content of the sediment samples increases with depth (Table 2) , and the heavy-mineral content is inversely proportional to the gravel content.
The economically important heavy minerals average 33.5 and 0.86 percent of the heavy-mineral concentrates and bulk samples, respectively. The concentrations of radioactive heavy minerals (monazite and zircon) are low which explains the low uranium and thorium spectral gamma-ray data. Labile heavy minerals (magnetite, epidote, pyroboles, and garnet) comprise an average of 47.2 weight percent of the heavy mineral suite. The average is slightly less for the lower three five-foot samples where gravel is more abundant. The ZTR index for these sediments averages 9.9. The high labile mineral (species subject to dissolution by weathering) content and the low ZTR index is not similar to the deeply weathered and texturally mature sediments associated with Cretaceousage sediments elsewhere on the eastern seaboard and within the area of this study. Heavy-mineral data suggest that these sediments are younger than Cretaceous in age and may be either Quaternary or Tertiary age.
Harnett County Site
The Harnett County site (HR-A-1-89) is located on Cretaceous Middendorf Formation (North Carolina Geologic Survey, 1985) sediments. Spectral gamma-ray data (Table 1) show low potassium, uranium, and thorium. The gravel content is low, averaging 1.5 percent over the 15-foot drill hole. The heavy-mineral content averages 0.31 percent ( Table 2 ). The economically important mineral species comprise an average of 77.2 and 0.24 weight percentage of the heavy-mineral suites and bulk samples, respectively. The high content of radioactive minerals zircon and monazite appear contrary to low thorium and uranium radioelement concentrations determined by the gammaray spectrometry. However, mineralogic data represents a five-foot section whereas the radioelement data is restricted to the upper few centimeters. Most likely the radioactive minerals are more concentrated below the surface where their abundance triples with depth over a fifteen-foot interval. The labile mineral content is low and averages 1.5 percent ( 
CONCLUSIONS
Sediments of Cretaceous age associated with the North Carolina Fall Zone contain a texturally and mineralogically mature heavy-mineral assemblage characterized by a high ZTR index, low labile mineral content, and a high proportion of economically valuable minerals in the heavy-mineral assemblage. Here, and as shown elsewhere on the eastern seaboard, the gamma-ray aeroradiometric anomalies associated with these sediments are controlled by the relative abundance of the radioactive heavy minerals zircon and monazite. This interpretation is supported by high uranium and thorium radioelement concentrations determined by field gamma-ray spectrometry, and by Ti-Hf-REE distribution patterns in NURE stream sediment geochemical data. This study shows that Cretaceous heavy-mineral assemblages near the North Carolina Fall Zone are mature and are enriched in monazite, zircon, and titanium minerals relative to younger Coastal Plain and Continental Shelf sediments. The high proportion of these economically important minerals in the heavy-mineral assemblage indicate a potential for larger absolute concentrations in the Cretaceous (and sediments reworked from the Cretaceous) in this region.
Heavy-mineral studies provide an effective ancillary technique to distinguish Cretaceous sediments from younger sediments.
